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ABSTRACT 

This  report  describes  the  design  of  a  35  GHz  solid  state  source. 

A  unique  feature  of  the  source  is  a  linear  FM  capability  of  350  MHz 
at  sweep  rates  from  5  Hz  to  greater  than  20  kHz.  The  output  power 
is  approximately  50  n,W.  Frequency  stability  is  derived  from  an  81  MHz 
crystal  controlled  oscillator.  Transistor  circuitry  brings  this  signal 
up  co  324  MHz  at  9  watts.  A  varactor  multiplier  chain  then  is  used  to 
achieve  the  final  output  frequency. 

This  source  was  developed  as  one  of  several  work  assignments 
of  the  subject  contract. 
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1.  INTRODUCTION 


The  report  which  follows  describes  the  final  design  and  perfor¬ 
mance  characteristics  of  a  35  GHz  solid  state  source  with  FM 
capability.  At  the  outset  of  the  development,  performance  specifica¬ 
tions  w<*re  delineated  on  a  best  effort  basis.  It  was  agreed  that  the 
source  was  to  be  a  crystal  controlled  oscillator  followed  by  a  multipli 
chain.  The  FM  capability  was  to  be  1%  or  greater  with  an  output 
amplitude  variation  of  less  than  10%  over. this  range.  The  FM  should 
be  achieved  by  driving  the  unit  with  no  more  than  a  one  volt  signal 
in  the  5  Hz  to  20  kHz  frequency  range.  The  output  power  was  to  be 
25  mW  minimum  with  a  frequency  stability  of  at  least  1  part  in  10^. 

In  the  delivered  source,  all  of  these  goals  were  achieved  or 
exceeded.  This  report  will  not  presume  to  detail  every  step  of  the 
development  process.  Rather  we  shall  describe  here  simply  the 
designs  which  were  finally  selected  to  fabricate  the  finished  product. 
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OSCILLATOR,  CONTROL  AND  DRIVER  CIRCUITRY 
The  block  diagram  of  Figure  1  outlines  the  manner  in  which 
the  first  half  of  the  source  was  assembled  and  will  be  the  focal  point 
of  the  discussion  which  follows.  The  complete  circuit  diagrams  which 
"open  up"  these  blocks  will  be  referenced  in  the  text  but  included 
following  the  description. 

The  basic  frequency  source  is  an  81.  000  MHz  crystal  con¬ 
trolled  oscillator  (Figure  2),  which  provides  the  reference  signal  at 
all  times.  The  oscillator  which  actually  furnishes  signal  to  the  d  iver 
and  subsequent  multiplier  stages  is  a  voltage  controlled  oscillar  jr 
(Figure  3),  which-has  the  capability  of  a  one  percent  linear  FM 
deviation.  The  average  frequency  of  this  VCO  is  locked  to  the  crystal 
oscillator  through  an  AFC  circuit.  Since  it  was  required  that  the  FM 
capability  extend  down  to  a  5  Hz  rate,  the  response  time  of  this  AFC 
loop  must  be  made  long  compared  to  5  PD,.  This  was  accomplished 
in  the  following  manner  (See  Figure  4). 

An.  astable  multivibrator  operating  at  a  0.  5  Hz  rate  is  used 
to  generate  the  gating  signal.  Signal  from  the  reference  oscillator 
is  then  amplified  in  a  buffer  stage  for  isolation  and  brought  to  one  of 
the  switches,  or  gates  (Figure  5),  A  sample  of  the  VCO  signal  is 
also  passed  through  buffer  amplifier  isolating  stages  and  applied  to 
the  other  gate.  (An  attenuator  was  included  in  this  path  to  provide 
for  amplitude  adjustment  to  a  level  equal  to  the  reference  signal.  ) 

The  gates  then  sequentially  pass  the  VCO  and  the  reference  signals 
to  a  limiter  and  discriminator  circuit  (Figure  6).  Any  difference 
frequency  which  exists  between  the  one  second  average  of  the  VCO 
and  the  pure  frequency  of  the  crystal  oscillator  will  produce  a  square 
wave  at  the  output  of  the  discriminator.  The  amplitude  of  this  square 
wave  will  of  course  be  proportional  to  the  frequency.  The  phase  of 
the  square  wave  will  determine  the  direction  of  the  VCO  drift. 


<0/ <^Z>-  S/<3 


SYSTEM  AFC 


FIG.  6-  LIMITER  DISCRIMINATOR  CIRCUIT 
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This  small  error  signal  is  then  amplified  in  a  narrow  band  a.  c. 
amplifier  incorporating  a  twin  tee  feedback  circuit  for  stability  and 
bandwidth  control,  (Since  we  arc  operating  now  only  on  the  difference 
between  the  two  signals,  the  long  time  stability  of  the  discriminator 
circuit  is  not  critical  and  zero  drifts  can  be  tolerated). 

The  arnplified  error  signal  is  then  phase  and  amplitude  delected 
in  a  synchronous  detector.  This  detector  is  of  course  driven  by  the 
same  gating  signal  as  the  r.f.  switches.  The  detected  error  signal, 
now  having  the  proper  d.c.  direction,  is  next  amplified.  This  stage 
is  an  operational  amplifier  used  in  a  low  frequency,  d.  c.  coupled 
mode.  Finally,  the  output  of  this  stage  is  used  as  the  stabilizing 
control  for  the  VCO.  The  total  loop  gain  is  of  the  order  of  90  dB. 

In  addition  to  this  stabilizing  signal,  the  video  lrM  signal  is 
also  applied  to  the  VCO  through  an  isolating  emitter  follower  stage. 

The  video  input  is  designed  to  have  a  100  kfi  input  impedance  and 
produce  a  1%  frequency  deviation  with  a  1  volt  input. 

Finally,  the  half  of  the  VCO  output  which  is  not  used  in  the  AFC 
loop  is  applied  to  the  multiplier  and  power  amplifier  stages  through 
a  buffer  amplifier.  In  this  final  block,  there  is  one  amplifier  stage 
followed  by  a  times  four  multiplier.  This  multiplier  stage  uses  the 
base  to  collector  capacity  of  a  2N3553  transistor  as  a  varactor 
multiplier.  *  The  output  of  the  multiplier  is  then  passed  through  two 
stages  of  power  amplification  to  produce  a  324  MHz  signal  at  approxi¬ 
mately  9  walls.  This  signal  is  then  used  as  input  to  the  subsequent 
varactor  multiplier  stages.  Details  of  this  block  are  given  in  Figure  7. 


H.C.  Lee  and  R.  Minton,  "Frequency  Multiplication  Using 
Overlay  Transistors",  R.C.A.  Technical  Publication  ST -2989, 
Electronic  Components  and  Devices,  Harrison,  N.J.,  1965. 
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FfG.  7-MULTIPLrER  AND  DRTVER  STAGE 


3.  VARACTOR  MULTIPLIER  CHAIN 

The  varactor  multiplier  portion  of  the  35  GHz  solid  state  FM 
transmitter  consists  of  five  stages  of  multiplication  as  shown  on  the 
block  diagram  of  Figure  8.  Interstage  isolation  is  provided  between 
stages  one  and  two  and  stages  three  and  four  by  terminated  circu¬ 
lators  to  improve  the  overall  stability  of  the  source.  Between  stages 
four  and  five,  there  is  a  miniature  waveguide  isolator,  which  was 
required  to  achieve  stabilization  across  the  desired  bandwidth. 
Isolation  of  this  nature  improves  performance  since  interface  mis-, 
matches  do  not  have  as  large  a  detrimental  effect  on  the  chain. 
Furthermore,  use  of  the  terminated  port  of  a  circulator  as  a  test 
point  (with  an  appropriate  crystal  detector  replacing  the  load)  allows 
monitoring  of  the  impedance  match  into  the  succeeding  stage  during 
alignment. 

In  the  first  portion  of  the  chain,  step-recovery  diodes  (diodes 
exhibiting  charge -storage)  are  used  to  give  the  best  efficiency  while 
providing  good  power  handling  capability.  Silicon  varactors  with 
linearly  graded  junctions  exhibit  this  charge-storage  effect  while 
gallium  arsenide  varactors  have  short  recombination  times  and  do 
not  exhibit  the  effect.  However,  the  higher  cutoff  frequencies  avail¬ 
able  in  gallium  arsenide  make  their  use  preferable  above  10  GHz. 

In  order  to  handle  most  efficiently  the  required  power  levels 
and  the  necessary  impedance  matching,  the  technique  of  stacking 
several  varactors  (in  place  of  a  higher  breakdown  voltage  device) 
is  utilized  in  some  of  the  stages  of  the  chain.  This  achieves  a  two¬ 
fold  purpose.  First,  the  impedance  levels  of  the  multiplier  are 
increased  to  levels  more  amenable  to  circuit  transformations  at 
low  loss.  Second,  higher  quality  varactors  can  be  used  at  power 
levels  well  above  that  for  a  single  device  since  power  handling  goes 
up  linearly  as  the  number  of  varactors  in  the  stack. 
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D  STATE  FM  TRANSMITTER  VARACTOR  MULTIPLIER  CHAIN 


Calculations  of  j^ovver  handling,  efficiency  and  impedance  levels 

can  best  be  described  by  the  equations  given  in  Figure  9  which  may 

be  found  in  "Varactor  Applications"  by  Pcnficld  and  Rafuse.  Extension 

of  the  derivations  of  the  constants  shown  in  these  equations  to  cover 

2 

charge-storage  devices  have  been  published  by  C.  B.  Burclcbardt  of 
the  Bell  Telephone  Laboratories.  The  constants  tabulated  in  Figure 
9  have  been  utilized  in  the  choice  of  varactors  for  these  multipliers. 

Referring  to  the  block  diagram  in  Figure  8,  the  first  tripier 
stage  utilizes  a  single  varactor-,  Motorola  type  IN5153.  The  theoretical 
input  and  output  impedances  are  62.6  and  10.4  ohms  respectively  (at 
the  diode  terminals).  Theoretical  output  power  is  6.  5  watts.  The 
configuration  is  a  lumped  circuit  input  and  the  idler  with  a  tuned  line 
output  circuit.  Self  bias  is  used  in  this  multiplier  and  throughout  the 
chain  is  obtained  by  placing  a  resistor  in  shunt  across  the  varactor. 
Measured  output  power  is  6  watts  with  a  circuit  efficiency  of  68.  5% 

(See  Figure  1  0). 

The  second  tripler  is  isolated  from  the  previous  stages  by  a 
circulator  required  for  maximum  stability.  This  stage  utilizes  two 
Varian  VAB804  varactors  (in  series)  mounted  in  a  shunt  configuration 
in  this  multiplier.  Theoretical  conversion  efficiency  is  87%  and  the 
theoretical  output  power  with  infinite  diode  heal  sink  is  17,  6  watts. 

Input  and  output  impedances  are  82.4  and  14  ohms  respectively.  The 
input  and  output  circuits  of  this  multiplier  arc  coaxial  cavities.,  wi!h 
the  idler  tuned  by  a  lumped  circuit  inductor  and  miniature  variable 
capacitor.  Measured  output  power  from  this  stage  was  3  watts  at  a 
circuit  efficiency  of  53.6% 


2 

C.  B.  Burckhardt,  "Analysis  of  Varactor  Frequency  Multipliers 
for  Arbitrary  Capacitance  Variation  and  Drive  Level",  The 
Bell  Systern  Technical  Journal,  April,  1965,  pp  675-692. 


14 


m 

n- 

CO 

r- 

rH 

co 

O' 

m 

CO 

CO 

o 

o 

H 

00 

CO 

00 

CO 

o 

o 

o 

o 

o 

o 

sO 

o 

in 

CO 

rH 

m 

O' 

in 

r- 

o 

00 

CO 

o 

o 

rH 

CO 

00 

CO 

o 

d 

o 

o 

o 

o 

CO 

r- 

CO 

r*< 

'O 

r—t 

o 

m 

CO 

vO 

00 

o 

H 

rH 

CO 

co 

oo 

o~ 

o 

o 

o 

o 

o 

o 

sO 

o 

r- 

o 

in 

m 

H 

o 

o 

rH 

H 

CO 

co 

o 

o 

o 

o 

o 

o 

CO 

o 

vO 

CO 

oo 

rH 

r- 

r-H 

H 

O' 

O' 

*-A 

o 

o 

H 

vO 

in 

CO 

rH 

o 

o 

o 

o 

o 

o 

r- 

00 

'D 

00 

in 

00 

0- 

o 

rH 

r- 

O' 

o 

rH 

H 

00 

vO 

o 

o 

o 

o 

o 

o 

O' 

00 

r*< 

CO 

CO 

o 

in 

00 

co 

CO 

o 

o 

rH 

r*< 

m 

CO 

N  • 

• 

• 

» 

• 

• 

00 

o 

o 

o 

o 

o 

o 

co 

vO 

'O 

H 

co 

r~ 

H 

'O 

O' 

CO 

'O 

rH 

'£> 

o 

o 

o 

'll 

'O 

00 

o 

o 

o 

o 

o 

o 

rH 

yQ 

00 

CO 

rH 

'O 

rH 

rH 

o 

o 

in 

n- 

o 

00 

00 

in 

m 

00 

d 

o 

o 

o 

o 

o 

o 

in 

03 

00 

r- 

O0 

rH 

o 

CO 

o 

m 

r- 

O 

rH 

00 

i> 

o 

CO 

d 

o 

o 

o 

o 

o 

o 

0  «a  <J  pq 


CO 

1 

o 

o 

00 

o 

r-4'-< 

ro 

00 

n- 

X  • 

0- 

r- 

'O 

rH 

O  00 

CO 

o 

o-  ° 

rH 

o 

ro 

• 

CO 

CO  rH 

•  *“! 

• 

• 

, 

O' 

o 

r-< 

o 

o 

o 

o 

o  o 

CO 

1 

in 

o_< 

00 

r- 

1 

00 

ro 

vO 

r- 

vO 

00 

oo  ^ 

o 

rH 

o 

CO 

m  oo 

O' 

o 

r— < 

o’ 

o 

o 

o 

o  o 

co 

CO 

o^, 

co 

'O 

•“*  | 

o 

rH 

in 

X  o 

o 

co 

in 

O' 

t"  o 

vO 

o 

ro 

o 

CO 

CO 

m  oo 

CO 

o 

o 

o 

o 

o 

o’o 

1 

m 

o 

in 

rH*”* 

CO 

in 

cn 

x  1 

n- 

C" 

0- 

in 

vo  r- 

'O 

o 

6 

IC 

o 

^  00 

00 

o 

O' 

o 

o 

o 

o 

o  o 

■O'  oo 

o  o 

ro 

rH  rH 

o 

H 

X  X 

cv) 

in 

oo 

o 

r— <  C'r 

in 

o 

o  o 

rH 

o 

vC 

o 

o  cn 

oo 

o 

on  co 

d 

o 

o 

o 

d  o 

rH 

CO 

1 

o 

o 

rH 

O' 

rH 

r- 

H 

CO 

r-A 

o 

oo  oo 

i— i 

o 

^  o 

.  rH 

ro 

o 

^  00 

00 

o 

rH 

o 

o 

o 

o 

o  o 

rH  ^ 

co 

C0 

1  rH 

o 

m 

CO 

O  1 

0- 

t- 

o 

00  O' 

o 

o 

<-*  o 

rH 

o 

in 

in 

in  oo 

• 

• 

X  <-« 

• 

• 

• 

• 

•  • 

O' 

o 

00 

o 

o 

o 

o 

o  o 

oo 

rH 

o  o 

rH 

o 

rH  H 

t- 

H 

X  X 

o 

O' 

0- 

r-  O' 

00 

o 

co  o 

rH 

o 

'O 

vO 

vD  cn 

4 

o 

rH  r- 

o 

o 

o 

o 

o  o 

rH 

1 

00 

o 

CO 

rH 

H  r— 1 

m 

c- 

CO 

X  i 

00 

CO 

o 

O0  OJ 

o 

o 

m  o 

rH 

o 

CO 

in 

0-  cn 

• 

• 

«  rH 

• 

• 

• 

• 

•  • 

r~ 

o 

r- 

o 

o 

o 

o 

o  o 

B 

M 

0 

QX 

C  0 

p.1 

3 

s 

cn 

s 

3  3d 
s  s  g 

w  .cn  £ 

c  c 

nC  ° 
&  3 

rH 

oo  cn  P* 

o 

c 

>  o.° 

CO 

cn 

cn  > 

THEORETICAL  PARAMETERS  OF  VARACTOR  DIODES  AS  HARMONIC  GENERATORS 
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THEORETICS 

VAL 

.L  VARACTOR 
EJES 

ACTUAI 

VA] 

j  CIRCUIT 

LUES 

No 

Frequency 

Power  Out 
(watts) 

Diode 

Efficiency 

Power  Out 
(watts) 

Overall  Circuit 
Efficiency 

1 

.324-972  GHz 

6.5 

92 

6 

68.5 

2 

.972-2.92  GHz 

17.  6 

87 

3 

53.6 

3 

2.92-8.75  GHz 

2.92 

71 

0.8 

26.7 

4 

8.75-17.5  GHz 

0.54 

74 

0.3 

40.0 

C 

1 _ 

17.5-35.  0  GHz 

0.  118 

60 

.054 

21.6 

FIG.  10  -  COMPARISON  OF  THEORETICAL  VALUES  TO  MEASURED 
VALUES  FOR  VARIOUS  STAGES  OF  VARACTOR  , 
MULTIPLIER  CHAIN 
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The  fhird  tripler  stage  utilizes  two  Varian  VAB805  varactors 
in  series,  again  shunt  mounted.  The  input  of  this  multiplier  is  a 
coaxial  cavity  with  the  idler  being  an  open  coaxial  line  tuned  to 
resonance  by  varying  the  end  capacitance  of  the  line.  The  output 
of  this  stage  is  probe  coupled  and  resonated  into  RG  51  waveguide. 
Theoretical  output  power  is  2.  92  watts  at  a  theoretical  efficiency  of 
71%.  Impedance  levels  are  110  and  18.3  ohms  respectively  for 
input  and  output.  Measured  output  power  was  0.  8  watts  at  a  circuit 
efficiency  of  26.  7%.  This  stage  in  future  models  of  such  a  multi¬ 
plier  chain  should  be  redesigned  as  the  circuit  efficiency  is  poor 
and  excessive  losses  are  experienced,  hence  the  chain's  efficiency 
is  below  its  optimum  value. 

A  second  isolator  is  used  at  this  point  to  improve  the  stability 
of  the  chain.  The  fourth  multiplier  is  a  doubler  and  utilizes  a 
single  varactor,  Sylvania  type  D5256B.  Theoretical  efficiency  of 
this  device  is  74%  and  it  can  theoretically  produce  0.54  watts  of 
output  power.  Impedances  are  9.7  and  13.3  ohms  respectively. 

This  multiplier  is  constructed  in  an  inline  configuration  in  waveguide. 
Measured  circuit  efficiency  of  this  stage  was  40%  with  0.3  watts  of 
output  power. 

Between  this  stage  and  the  final  doubler  an  isolator  is  required 
to  maintain  the  necessary  bandwidth.  Without  this  isolator  the  neces¬ 
sary  bandwidth  is  obtainable  but  the  band  flatness  cannot  be 
maintained. 

The  fifth  stage  is  also  a  doubler  and  utilizes  a  single  varactor, 
Sylvania  type  D5245D.  This  varactor  theoretically  can  produce  an 
output  power  of  118  milliwatts  at  35  GHz.  Theoretical  conversion 
efficiency  is  60%  and  input  and  output  impedances  are  13.8  and  18.4 
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ohms  respectively.  This  stage  is  constructed  similarly  to  the  previous 
stage  using  an  inline  waveguide  construction.  Measured  output  power 
was  54  milliwatts  at  a  circuit  efficiency  of  21.6%.  One  percent 
modulation  caused  the  output  power  to  drop  to  48  milliwatts. 
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4.  COMPLETED  ASSEMBLY 

The  photograph  of  Figure  11  shows  essentially  all  of  the  com¬ 
ponents  of  the  final  design.  Only  one  circuit  board  is  out  of  sight 
beneath  the  topmost  chassis  in  the  picture.  On  this  chassis  with  the 
power  supplies  are  the  components  described  in  Section  2. 

Figure  12  shows  perhaps  more  clearly  the  varactor  multiplier 
chain.  The  324  MHz  signal  comes  up  from  the  lower  chassis  to  the 
first  tripler.  Then  proceeding  counterclockwise  around  the  loop  one 
encounters  an  isolator,  the  second  tripler  and  the  third  tripler,  another 
stage  of  isolation  (using  a  3-port  circulator),  a  doubler,  an  isolator, 
and  the  final  doubler  to  35  GHz  (more  accurately,  34.  992  GHz). 

The  finished  package  is  shown  in  Figure  13.  Operation  of  the 
unit  is  as  simple  as  the  front  panel  suggests:  simply  connect  to 
115  volt,  60  Hz,  single  phase  power  and  turn  on.  Approximately 
10  mintues  of  warm  up  time  is  required  for  the  AFC  circuit  to  be 
assured  of  an  absolute  lock  on  the  crystal  oscillator.  The  r.  f.  power 
however,  well  in  excess  of  the  specified  25  mff,  is  available  immedi¬ 
ately. 
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Fig.  12  -  Assembled  View 
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